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CONTINUOUSLY VARIABLE
TRANSMISSION AND METHOD FOR
CONTROLLING CONTINUOUSLY
VARIABLE TRANSMISSION

TECHNICAL FIELD

The present invention relates to a continuously variable
transmission and a method for controlling the continuously
variable transmission.

BACKGROUND ART

There 1s disclosed a continuously variable transmission
including a hydraulic circuit that includes a first o1l pump
configured to pump up o1l from an o1l pan to generate a line
pressure and a second o1l pump configured to be provided
between a primary pulley and a secondary pulley to adjust
the o1l 1n/out to/from a primary o1l chamber (e.g., JP2008-
240894A).

In such the hydraulic circuit, the second o1l pump 1s
interposed 1n a shifting o1l passage that communicates the
primary pulley with the secondary pulley and 1s connected
to an o1l passage to be a line pressure. Herein, the hydraulic
circuit can control a speed ratio by controlling the rotation
direction of the second o1l pump to adjust the o1l m/out
to/from the primary oil chamber.

The above document discloses only the shift control of
setting a target flow rate of hydraulic o1l 1n accordance with
a desired speed ratio and controlling the flow rate of the
second o1l pump so that the flow rate of the hydraulic o1l

becomes the target tlow rate. For that reason, there 1s room
for consideration of other control.

SUMMARY OF INVENTION

According to one embodiment of the present invention, a
method for controlling a continuously variable transmission,
the method controlling m/out of o1l to/from a primary oil
chamber by using an o1l pump provided 1n an o1l passage
between the primary o1l chamber and a secondary oil
chamber. The method includes a current command value
calculation step of calculating a current command value for
the o1l pump 1n accordance with an operating state; a pump
control step of driving the o1l pump by using the current
command value to control a piston position of the primary
01l chamber; and a current limiting step of limiting the
current command value to a lower-limit current at which belt
slip does not occur when an o1l pressure i the primary oil
chamber falls below a lower-limit oil pressure in the primary
o1l chamber at which the belt slip does not occur.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a schematic configuration diagram 1llustrating a
vehicle.

FIG. 2 1s a schematic configuration diagram 1llustrating a
hydraulic circuit.

FI1G. 3 15 a block diagram 1illustrating the control of a shift
o1l pump.

FI1G. 4 15 a detailed configuration diagram illustrating the
execution of a current control step.

FIG. 5 1s a flowchart 1llustrating the control process of a
continuously variable transmission.

FIG. 6 1s a block diagram illustrating another example of
the control of the shift o1l pump.
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FIG. 7 1s a block diagram illustrating turther another
example of the control of the shift o1l pump.

DESCRIPTION OF EMBODIMENTS

Herematter, an exemplary embodiment of the present
invention will be explained with reference to the accompa-
nying drawings.

FIG. 1 1s a schematic configuration diagram illustrating a
vehicle according to the present embodiment. The vehicle
includes an engine 1, a torque converter 2 with a lock-up
clutch 2a, a forward/reverse switching mechanism 3, a
variator 4, a final reduction mechanism 5, driving wheels 6,
and a hydraulic circuit 100.

The engine 1 constitutes the driving source of the vehicle.
The output of the engine 1 i1s transmitted to the driving
wheels 6 via the torque converter 2, the forward/reverse
switching mechanism 3, the variator 4, and the final reduc-
tion mechanism 3. Theretfore, the variator 4 1s provided in a
power transmission path for transmitting power from the
engine 1 to the dniving wheels 6, together with the torque
converter 2, the forward/reverse switching mechanism 3,
and the final reduction mechanism 5.

The forward/reverse switching mechanism 3 1s provided
between the torque converter 2 and the variator 4 1n the
above power transmission path. The forward/reverse switch-
ing mechanism 3 switches the rotation direction of the input
rotation between a forward direction corresponding to for-
ward travel and a reverse direction corresponding to reverse
travel.

More specifically, the forward/reverse switching mecha-
nism 3 includes a forward clutch 31 and a reverse brake 32.
The forward clutch 31 1s engaged when the rotation direc-
tion 1s a forward direction. The reverse brake 32 1s engaged
when the rotation direction 1s a reverse direction. The one of
the forward clutch 31 and the reverse brake 32 can be
configured as a clutch that intermaits the rotation between the
engine 1 and the variator 4.

The vanator 4 includes a primary pulley 41, a secondary
pulley 42, and a belt 43 wrapped around the primary pulley
41 and the secondary pulley 42. Hereinafter, primary 1s also
referred to as “PRI” and secondary 1s also referred to as
“SEC”. The vaniator 4 constitutes a belt continuously vari-
able transmission mechanism that changes the wrapping
diameters of the belt 43 by changing the groove widths of
the PRI pulley 41 and the SEC pulley 42 so as to perform the
shiit.
The PRI pulley 41 includes a fixed pulley 41a and a
movable pulley 415. A controller 50 activates the movable
pulley 415 by controlling the amount of o1l to be supplied to
a PRI pulley hydraulic chamber 41¢ so as to change the
groove width of the PRI pulley 41.

The SEC pulley 42 includes a fixed pulley 42aq and a
movable pulley 425. The controller 50 activates the movable
pulley 4256 by controlling the amount of o1l to be supplied to
a SEC pulley hydraulic chamber 42¢ so as to change the
groove width of the SEC pulley 42.

The belt 43 1s wrapped around a sheave surface forming
a V shape formed by the fixed pulley 41a and the movable
pulley 415 of the PRI pulley 41 and a sheave surface
forming a V shape formed by the fixed pulley 424 and the
movable pulley 4256 of the SEC pulley 42.

The final reduction mechanism 5 transmits the output
rotation from the varnator 4 to the driving wheels 6. The final
reduction mechanmism 3 1s configured to include a plurality of
gear trains and a differential gear. The final reduction
mechanism 3 rotates the driving wheels 6 via an axle.
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The hydraulic circuit 100 supplies an o1l pressure to the
variator 4, specifically, to the PRI pulley 41 and the SEC
pulley 42. The hydraulic circuit 100 also supplies the o1l
pressure to the forward/reverse switching mechanism 3 and
the lock-up clutch 2a, and further to a lubricating system and
a cooling system that are not illustrated. The hydraulic
circuit 100 1s specifically configured as described below.

FIG. 2 1s a schematic configuration diagram illustrating
the hydraulic circuit 100. The hydraulic circuit 100 includes
an original pressure o1l pump 101, a line pressure adjusting
valve 102, a pressure reducing valve 103, a line pressure
solenoid valve 104, a forward/reverse switching-mechanism
solenoid valve 105, a shifting circuit pressure solenoid valve
106, a manual valve 107, a line pressure o1l passage 108, a
line-pressure electric o1l pump 109, and a low pressure
system control valve 110. Hereinatfter, a solenoid valve 1s
referred to as “SOL”.

The original pressure o1l pump 101 1s a mechamcal o1l
pump that 1s driven by the power of the engine 1. The
original pressure o1l pump 101 i1s connected to the line
pressure adjusting valve 102, the pressure reducing valve
103, and the shifting circuit pressure SOL 106 via the line
pressure o1l passage 108. The line pressure o1l passage 108
constitutes the o1l passage for line pressure and 1s connected
to a shift circuit 120 via the shifting circuit pressure SOL
106. In addition, a line pressure 1s an o1l pressure acting as
the orniginal pressure of the PRI pressure and the SEC
pressure.

The line-pressure electric o1l pump 109 1s driven by an
clectric motor 111. The line-pressure electric o1l pump 109
1s activated to supply a line pressure when the engine 1 1s
stopped by 1dling/stop control, for example, and the original
pressure o1l pump 101 1s stopped along with this.

The line pressure adjusting valve 102 adjusts the o1l
pressure generated by the original pressure o1l pump 101 to
generate a line pressure. That the original pressure oil pump
101 generates the line pressure includes to generate a line
pressure under such the action of the line pressure adjusting,
valve 102. The o1l that the line pressure adjusting valve 102
releases during pressure adjustment 1s supplied to the lock-
up clutch 2q, the lubricating system, and the cooling system
via the low pressure system control valve 110.

The pressure reducing valve 103 decreases the line pres-
sure. The o1l pressure decreased by the pressure reducing
valve 103 1s supplied to the line pressure SOL 104 and the
forward/reverse switching-mechanism SOL 105.

The line pressure SOL 104 1s a linear solenoid valve to
generate a control o1l pressure according to a control current.
The control o1l pressure generated by the line pressure SOL
104 1s supplied to the line pressure adjusting valve 102, and
the line pressure adjusting valve 102 operates in accordance
with the control o1l pressure generated by the line pressure
SOL 104 to perform pressure adjustment. For this reason,
the command value of a line pressure PL can be set by the
control current to the line pressure SOL 104.

The forward/reverse switching-mechamism SOL 105 1s a
linear solenoid valve to generate an o1l pressure according to
a control current. The o1l pressure generated by the forward/
reverse switching-mechanism SOL 105 1s supplied to the
torward clutch 31 and the reverse brake 32 via the manual
valve 107 activated according to the operation of a driver.

The shifting circuit pressure SOL 106 15 a linear solenoid
valve to generate an o1l pressure to be supplied to the shiit
circuit 120 in accordance with a control current. For this
reason, the command value of a shufting circuit pressure can
be set by the control current to the shifting circuit pressure
SOL 106. The shifting circuit pressure generated by the
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shifting circuit pressure SOL 106 1s supplied to a shifting o1l
passage 121 of the shift circuit 120. For example, the
shifting circuit pressure may be generated by SOL that
generates a control o1l pressure according to a control
current and a pressure control valve that generates a control
circuit pressure from the line pressure PL in accordance with
the control o1l pressure generated by this SOL.

The shift circuit 120 includes the shifting o1l passage 121
connected to the line pressure o1l passage 108 wvia the
shifting circuit pressure SOL 106 and a shift o1l pump 122
interposed 1n the shifting o1l passage 121. The shifting o1l
passage 121 communicates the PRI pulley hydraulic cham-
ber 41¢ with the SEC pulley hydraulic chamber 42c.

The shitt o1l pump 122 1s an electrically operated o1l pump
that 1s driven by an electric motor 123. The electric motor
123 is controlled by the controller 50 via an 1nverter 124.
The shift o1l pump 122 can switch the rotation direction
between forward and reverse directions. Herein, the forward
direction 1s a direction to send o1l from the SEC pulley
hydraulic chamber 42¢ side to the PRI pulley hydraulic
chamber 41¢ side and the reverse direction 1s a direction to
send o1l from the PRI pulley hydraulic chamber 41c¢ side to
the SEC pulley hydraulic chamber 42¢ side.

When the shift o1l pump 122 rotates in the forward
direction, o1l 1n the shifting o1l passage 121 1s supplied to the
PRI pulley hydraulic chamber 41¢. As a result, the movable
pulley 4156 of the PRI pulley 41 moves in a direction
approaching the fixed pulley 414, and thus the groove width
of the PRI pulley 41 1s decreased. On the other hand, the
movable pulley 426 of the SEC pulley 42 moves 1 a
direction away from the fixed pulley 42aq, and thus the
groove width of the SEC pulley 42 1s increased. In addition,
when the shift o1l pump 122 rotates in the forward direction,
o1l 1s supplied from the line pressure o1l passage 108 to the
shifting o1l passage 121 so that the o1l pressure (hereinatter,
also referred to as “SEC-side o1l pressure™) of the shifting o1l
passage 121 closer to the SEC pulley hydraulic chamber 42¢
(hereinaftter, also referred to as “SEC side”) than the shift o1l
pump 122 does not fall below the command value of the
shifting circuit pressure. The command value of the shifting,
circuit pressure 1s set 1n consideration of preventing the slip
of the belt 43, for example. In addition, the o1l pressure of
the shifting o1l passage 121 closer to the PRI pulley hydrau-
lic chamber 41c¢ (hereinafter, also referred to as “PRI side”)
than the shift o1l pump 122 is also referred to as a PRI-side
o1l pressure.

When the shift o1l pump 122 rotates in the reverse
direction, oil flows out from the PRI pulley hydraulic
chamber 41c¢. As a result, the movable pulley 415 of the PRI
pulley 41 moves 1n a direction away from the fixed pulley
41a, and thus the groove width of the PRI pulley 41 1is
increased. On the other hand, the movable pulley 425 of the
SEC pulley 42 moves 1n a direction approaching the fixed
pulley 424, and thus the groove width of the SEC pulley 42
1s decreased. Because the o1l flowing out from the PRI
pulley hydraulic chamber 41¢ flows 1nto the SEC side, the
SEC-si1de o1l pressure 1s raised. However, the SEC-side o1l
pressure 1s controlled not to exceed the command value by
the shifting circuit pressure SOL 106. In other words, when
the SEC-si1de o1l pressure exceeds the command value, o1l 1s
discharged from the shifting o1l passage 121 via the shifting
circuit pressure SOL 106. On the other hand, when the
SEC-side o1l pressure 1s less than the command value, o1l
flows into from the line pressure o1l passage 108 via the
shifting circuit pressure SOL 106.

As above, the continuously variable transmission accord-
ing to the present embodiment performs the shift by con-
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trolling the o1l 1n/out to/from the PRI pulley hydraulic
chamber 41¢ by using the shift o1l pump 122. The brief of
the shift control will be described below.

A branching path branching from between the shift o1l
pump 122 and the PRI pulley hydraulic chamber 41c¢ 1s
provided in the shifting o1l passage 121. Herein, an orifice
125 1s provided in the branching path. O1l can be discharged
from the orifice 125 to the outside of the shifting o1l passage
121. More specifically, the orifice 125 1s formed so that 1ts
diameter becomes smaller 1n a portion of the o1l passage, and
the opposite end of the branching point 1n the shifting o1l
passage 121 1s opened. O1l continues always leaking out
from this open end. When o1l 1s supplied to the PRI pulley
hydraulic chamber 41¢ by the shift o1l pump 122, some of
o1l leaks out from the orifice 1235. The o1l discharged outside
of the shifting o1l passage 121 from the orifice 1s discharged
into a space 1n a case ol the continuously variable transmis-
sion and 1s collected 1n an o1l pan 112. As described above,
the outside (the tip of the orifice 1235) of the shifting o1l
passage 121 according to the present embodiment 1s a space.
However, the outside (the tip of the orifice 125) of the
shifting o1l passage 121 may be an o1l passage having an o1l
pressure lower than that of the shifting o1l passage 121. In
other words, the outside of the shifting o1l passage 121 only
needs to be a place at which an o1l pressure 1s lower than that
of the shifting o1l passage 121. In addition, the orifice 125 1s
an example of an o1l discharge mechanism.

Referring again to FIG. 1, the vehicle further includes the
controller 50. The controller 50 1s an electronic control
device and recerves signals from a sensor/switch group 11.
In addition, the controller 50 1s configured by a microcom-
puter that includes a central processing unit (CPU), a read-
only memory (ROM), a random-access memory (RAM),
and an mput-output intertace (I/0 interface). The controller
50 may be configured by a plurality of microcomputers.

For example, the sensor/switch group 11 includes an
accelerator pedal opening sensor that detects the accelerator
pedal opening of the vehicle, a brake sensor that detects the
brake pedal force of the vehicle, a vehicle speed sensor that
detects a vehicle speed Vsp, and an engine rotation speed
sensor that detects a rotation speed NE of the engine 1.

As 1illustrated 1n FIG. 2, the sensor/switch group 11
includes a PRI pressure sensor 126 that detects a PRI
pressure, a SEC pressure sensor 127 that detects a SEC
pressure, a pump rotation speed sensor 128 that detects the
rotation speed of the shift o1l pump 122, and an o1l tem-
perature sensor 129 that detects the temperature of the o1l in
the shifting o1l passage 121. The signals from the sensor/
switch group 11 may be input into the controller 50 via
another controller, for example. The same 1s applied to the
signals such as information generated by the other controller
based on the signals from the sensor/switch group 11.

The controller 50 controls the hydraulic circuit 100 based
on the signals from the sensor/switch group 11. More
specifically, the controller 50 controls the line pressure SOL
104 and the shaft circuit 120 1illustrated 1n FIG. 2. Further-
more, the controller 50 1s configured to control the forward/
reverse switching-mechanism SOL 105 and the shifting
circuit pressure SOL 106.

In controlling the line pressure SOL 104, the controller 50
supplies the control current according to the command value
of the line pressure PL to the line pressure SOL 104.

In executing the shiit control, the controller 50 sets a
target speed ratio based on the signals from the sensor/
switch group 11. If the target speed ratio 1s determined,
wrapping diameters (target wrapping diameters) of the pul-
leys 41 and 42 for realizing the target speed ratio are
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determined. If the target wrapping diameters are determined,
groove widths (target groove widths) of the pulleys 41 and
42 for realizing the target wrapping diameters are deter-
mined.

Moreover, 1n the shift circuit 120, the movable pulley 415
of the PRI pulley 41 moves in accordance with the o1l in/out
to/from the PRI pulley hydraulic chamber 41¢ by the shift o1l
pump 122, and the movable pulley 4256 of the SEC pulley 42
also moves according to this. That 1s to say, the movement
amount of the movable pulley 415 of the PRI pulley 41
correlates with the movement amount of the movable pulley
426 of the SEC pulley 42.

Therefore, the controller 50 activates the shift o1l pump
122 so that the position of the movable pulley 415 of the PRI
pulley 41 becomes a position corresponding to the target
speed ratio. The determination of whether the movable
pulley 415 1s located at a desired position 1s performed by
calculating an actual speed ratio from the detected values of
a PRI rotation speed sensor 414 and a SEC rotation speed
sensor 424 and determining whether this actual speed ratio
1s 1dentical with the target speed ratio.

Moreover, that the controller 50 activates the shift o1l
pump 122 1s not limited to the shifting time. Even when the
target speed ratio 1s not changed, the controller 50 activates
the shift o1l pump 122 when o1l leaks out from each of the
pulley hydraulic chambers 41¢ and 42¢ so as to change the
actual speed ratio. In the present embodiment, such the
control to maintain the target speed ratio 1s also included 1n
the shift control.

In other words, the shift control according to the present
embodiment 1s a feedback control for converging the posi-
tion of the movable pulley 415 of the PRI pulley 41 on a
target position. Herein, the control target of this feedback
control 1s not the o1l pressures of the pulley hydraulic
chambers 41¢ and 42¢ but 1s the groove width of the PRI
pulley 41, 1.e., the position of the movable pulley 415.

In addition, a sensor that detects the position of the
movable pulley 415 1s provided, and this sensor may deter-
mine whether the movable pulley 415 1s located at a position
corresponding to the target speed ratio.

Herein, referring to FIG. 1, a PRI thrust that 1s a force
acting from the PRI pulley 41 and a SEC thrust that 1s a force
acting from the SEC pulley 42 are applied to the belt 43. The
PRI thrust 1s a product of the PRI o1l pressure and the
cross-sectional area of the PRI pulley 41, and the SEC thrust
1s a product of the SEC o1l pressure and the cross-sectional
areca ol the SEC pulley 42. When the speed ratio of the
continuously variable transmission 1s constant, the PRI
thrust 1s a reaction force whose size 1s equal to the force
transmitted by the SEC thrust via the belt 43.

When the continuously variable transmission downshiits,
the PRI pulley 41 moves to the opposite side (right direction
in the drawing) to the belt 43, but a relationship between the
moving speed of the PRI pulley 41 at that time and a
differential thrust FSP obtained by subtracting the PRI thrust
from the SEC thrust 1s expressed by the next equation.

FSP=VP/NPxConstant

Herein, VP 1s the nght moving speed (shift speed) of the
PRI pulley 41 and NP 1s the rotation speed of the PRI pulley
41. In addition, a constant 1s a value of about 50000.

To shift at a predetermined target shift speed requires a
differential thrust corresponding to 1t. Therefore, when the
PRI thrust becomes small to achieve the target shift speed,
the PRI thrust falls below the minimum thrust by which belt
slip can be suppressed and thus belt slip may occur on the
PRI pulley 41 side. In addition, the shift o1l pump 122 may



US 10,815,346 B2

7

be controlled m accordance with operating states such as a
target speed ratio and a gain without being limited to a shift
speed.

FIG. 3 1s a block diagram illustrating the control of the
shift o1l pump 122 according to the present embodiment. In
this drawing, blocks 51, 52, and 33 are control blocks and
are included in the controller 50. For that reason, the
rotational drive of the shift o1l pump 122 1s controlled by the
blocks 51, 52, and 53 included 1n the controller 50.

The block 51 calculates a rotation-speed command value
N* for the shift o1l pump 122 based on acquisition values
etc. of the sensors. The rotation-speed command value N* 1s
defined by a shift speed according to operating states. For
example, because 1t 1s required to perform downshifting 1n
a short time 1n case of rapid acceleration, the rotation-speed
command value N* 1s increased to increase a shift speed.

The rotation-speed command value N* 1s input into the
block 52 and also a rotation speed N 1s fed back to the block
52 from the shift o1l pump 122 as a control target. Then,
when calculating a target current 1 at which the rotation
speed N becomes the rotation-speed command value N*, the
block 52 outputs the target current I to the block 53.

The block 33 executes a current limiting step and deter-
mines whether or not the current limitation 1s required based
on a SEC pressure Psec measured by the SEC pressure
sensor 127 with respect to the target current I. Then, when
it 1s determined that the current limitation 1s required, the
block 53 calculates a current command value I* limiting the
target current I and outputs the current command value I* to
the shift o1l pump 122. When 1t 1s determined that the current
limitation 1s not required, the block 33 outputs the target
current 1 to the shift o1l pump 122 as the current command
value I’*. For example, the block 53 includes an mverter eftc.
used for PWM control and can control the electric motor 123
that 1s driven with AC voltage based on the current com-
mand value I*. In addition, because a current used for the
drive of the shift o1l pump 122 1s an alternating current, the
current limitation means to limit the absolute value of the
alternating current.

In the shift o1l pump 122, a rotational drive according to
the iput of the current command value I* 1s performed and
the rotation speed N becomes an output value. The rotation
speed N 1s fed back to the block 52.

FI1G. 4 1s a detailed configuration diagram of the block 53
that executes the current control step.

A block 531 predicts a between-before-and-after differ-
ential pressure of the shift o1l pump 122 with respect to the
input value of the target current I by using a transfer function
F(I) to calculate a predicted differential pressure Pdifl_e.
Herein, the transier function F(I) 1s a function indicating the
characteristics of the shift o1l pump 122 and is obtained by
modeling the between-before-and-after differential pressure
that 1s an output value with respect to a current value that 1s
an mput value. In the transfer function F(I), the between-
before-and-after diflerential pressure 1s calculated based on
o1l pump characteristics such as the mechanical efliciency, a
specific discharge amount, and a motor torque constant of
the shitt o1l pump 122 1n accordance with the target current
I. The details on the transier function F(I) will be explained
later.

An adder 532 adds the predicted differential pressure
Pdifl__e calculated by the block 331 to the SEC pressure
Psec. Herein, a PRI pressure Ppri 1s the sum of the SEC
pressure Psec and the between-belore-and-after differential
pressure 1n the shift o1l pump 122. The adder 532 outputs the
addition result to an adder 533 as a predicted PRI pressure
(theoretical value) Ppri_et.
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The adder 533 adds a correction value A to the predicted
PRI pressure (theoretical value) Ppri_et to calculate a pre-
dicted PRI pressure Ppri_e and outputs the predicted PRI
pressure Ppri_e to a comparator 334. During normal running
in which the shift 1s not performed, a deviation between a
predicted value and a measured value of the predicted PRI
pressure Ppri_e 1s previously calculated and the deviation 1s
used as the correction value A.

As described above, the predicted PRI pressure Ppri_e
that 1s one input into the comparator 534 1s calculated by the
block 531 and the adders 532 and 533. Next, the calculation
of a required PRI pressure Ppri_n that is the other input into
the comparator 534 will be explained.

A block 335 calculates, as the required PRI pressure
Ppri_n, the lower-limit o1l pressure of the PRI pulley 41 at
which no belt slip occurs based on an engine torque T and
a speed ratio R indicating the operating states. In addition,
the block 535 stores therein a table 1n which the experimen-
tally obtained lower limait pressures are listed, and calculates
the required PRI pressure Ppri_n by using the table. The
block 535 outputs the calculated required PRI pressure
Ppri_n to the comparator 534 and further to a subtractor 536.

In addition, the rotation speed of the PRI pulley 41 and the
rotation speed of the SEC pulley 42 are acquired by rotation
speed sensors (not illustrated) provided 1n the PRI pulley 41
and the SEC pulley 42, and the speed ratio R 1s calculated
depending on a ratio between these rotation speeds. More-
over, when a sensor that detects the position of the movable
pulley 415 of the PRI pulley 41 1s provided, the speed ratio
R may be calculated depending on the position of the
movable pulley 415 detected by this sensor.

Next, a calculation method of a lower limit current value
I_lim used for executing the current limitation will be
explained.

The subtractor 536 subtracts the correction value A from
the required PRI pressure Ppri_n to calculate a required PRI
pressure (theoretical value) Ppri_nt.

A subtractor 337 subtracts the SEC pressure Psec from the
required PRI pressure (theoretical value) Ppri_nt to calculate
a lower-limit differential pressure Pdifl_lim before and after
the shift o1l pump 122. Because the possibility of occurrence
of belt slip 1s low when the differential pressure of the shiit
o1l pump 122 exceeds the lower-limit diflerential pressure
Pdifl__lim, the shift o1l pump 122 1s limited so that the
differential pressure does not fall below the lower-limait
ifferential pressure Pdifl_lim. In addition, the lower-limait
ifferential pressure Pdifl_lim 1s used for the calculation of
ne lower limit current value of a differential pressure that

oes not cause the belt slip.

A block 538 calculates the lower limit current value I lim
according to the mput of the lower-limit differential pressure
Pdiff. lim by using a transfer function F(P). Herein, the
transier function F(P) 1s a function indicating the character-
1stics of the shift o1l pump 122 and 1s obtained by modeling
a current value that 1s an output value with respect to a
differential pressure that 1s an input value. In addition,
because the mput and output of the transier function F(P) are
opposite to those of the transfer function F(I) in the block
531, the transier function of the transfer function F(I) 1s an
inverse function.

The comparator 334 compares the predicted PRI pressure
Ppri_e with the required PRI pressure Ppri_n and outputs the
comparison result to a switch 539.

The comparison result by the comparator 534, the target
current I, and the lower limit I_lim of the current are mput
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into the switch 539. The switch 539 outputs any one of the
target current I or the lower limit current value I_lim based
on the comparison result.

More specifically, when the predicted PRI pressure Ppri_e
1s equal to or more than the required PRI pressure Ppri_n
(Ppri_ez=Ppri_n), the switch 5339 determines that the current
limitation 1s not required because there 1s no possibility of
occurrence of belt slip and outputs the target current I as the
current command value I*. On the other hand, when the
predicted PRI pressure Ppri_e 1s less than the required PRI
pressure Ppri_n (Ppri_e<Ppri_n), the switch 339 determines
that the belt slip may occur and outputs the lower limit
current value I lim as the current command value I* to limit
a current.

Herein, the correction using the correction value A 1 the
adder 533 and the subtractor 536 will be explained.

First, the addition process of the correction value A
performed by the adder 533 will be explained. Because the
predicted PRI pressure Ppri_e input 1into the comparator 534
1s a predicted value, 1t 1s preferable that the predicted PRI
pressure 1s a high-accuracy predicted value to which a
disturbance factor etc. are further added. For that reason, the
higher-accuracy predicted PRI pressure Ppri_e can be cal-
culated by adding the correction value A to the predicted PRI
pressure (theoretical value) Ppri_et calculated by the block
531 by using the adder 533.

Next, the subtraction process of the correction value A
performed by the subtractor 536 will be explained. The
required PRI pressure Ppri_n used for the calculation of the
lower limit current value I lim 1s calculated based on
experimental results 1 the block 535. However, because a
disturbance factor 1s included 1n the experimental results, 1t
1s preferable to remove the disturbance factor. For that
reason, the disturbance factor can be removed by subtracting,
the correction value A from the required PRI pressure Ppri_n
by using the subtractor 536.

Herein, the transfer functions F(P) and F(I) indicating the
characteristics of the electric o1l pump used for the calcu-
lation 1 the blocks 531 and 538 will be explained. As
described above, because F(P) 1s the inverse function of F(I),
only F(I) will be explained later.

It 1s known that the electric motor 123 has the following
characteristics.

Torque (N-m)=Motor torque constant (N-m/A)xMo-
tor current (A)xMotor efficiency (%)

(1)

As indicated 1n Equation (1), a torque generated from the
clectric motor 123 is proportional to the flowing current. In
addition, the motor efliciency indicates conversion efli-
ciency until a torque generated by energization 1s transmit-
ted to a mechanical rotation drive torque.

Moreover, it 1s known that the shitt o1l pump 122 has the
following characteristics.

Torque (N-m)=Unit conversion factorxOP specific
discharge amount (cc/rev)xOP differential pres-

sure (N/m?)/OP mechanical efficiency (%) (2)

Herein, the OP specific discharge amount 1s an amount of
o1l discharged per one rotation of the oil pump.

As mdicated 1n Equation (2), a torque generated from the
shift o1l pump 122 can be calculated by multiplying a unit
conversion factor by a product of the specific discharge
amount and the between-before-and-after differential pres-
sure. Typically, the mechanical efliciency of the pump 1s
used to calculate the discharge amount of o1l by multiplying,
it by the generated torque. For that reason, a division by the
mechanical efliciency 1s performed in the right side of
Equation (2).
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The following equation can be calculated from Equation
(1) and Equation (2).

OPF differential pressure=Motor torque constantxMo-
tor currentxMotor efliciencyxOP mechanical
efficiency/Unit conversion constantxOP specific
discharge amount

(3)

Herein, because only the motor current 1s a variable and
the others are a constant in Equation (3), 1t turns out that that
the OP differential pressure i1s proportional to the motor
current. Therefore, 1n the block 531, the predicted difleren-
tial pressure Pdiil_e can be calculated in accordance with the
target current I by using the transfer function F(I) corre-
sponding to Equation (3).

Next, a calculation method of the required PRI pressure
Ppri_n 1n the block 535 will be explained. The required PRI
pressure Ppri_n that is the lower limit pressure at which no
belt slip occurs 1s calculated by the next equation.

Required PRI pressure Ppri_x=Engine torque 7'xcos
0/(2xBelt friction coeflicientxElement running
radius)

(4)

Herein, 0 1s a pulley sheave angle and 1s a constant
determined by the shape of the pulley. The belt friction
coellicient 1s uniquely determined in accordance with the
materials of a belt, a pulley, etc. Moreover, the element
running radius 1s obtained as a function according to the
speed ratio R. For that reason, Equation (4) indicates that the
required PRI pressure Ppri_n 1s determined in accordance
with the engine torque T and the speed ratio R. Therefore, 1in
the block 335, based on Equation (4), the required PRI
pressure Ppri_n can be obtained on the basis of the inputs of
the engine torque T and the speed ratio R.

In addition, although the required PRI pressure Ppri_n 1s
set to a lower limit at which no belt slip occurs based on
Equation (4), the required PRI pressure may be set to have
a margin from the lower limit. Similarly, the lower limait
current I_lim may also have a margin.

Moreover, 1n the course of obtaining the predicted PRI
pressure Ppri_e, the SEC pressure Psec 1s used 1n the adder
532. Herein, because the control of the SEC pulley 42
employs hydraulic feedback control, the SEC pressure Psec
does not largely deviate from a target o1l pressure. Because
the SEC pressure Psec has small error as described above,
the SEC pressure can be used for the calculation of the
predicted PRI pressure Ppri_e.

FIG. 5 15 a flowchart illustrating the control process of the
continuously variable transmission that 1s executed by the
controller 50. In addition, this control 1s repeatedly per-
formed at predetermined intervals.

In Step S1, the block 51 1llustrated in FIG. 3 calculates a
target speed ratio R* based on the operating states according
to the detected values of the sensors.

In Step S2, the block 51 further obtains a shift speed based
on the target speed ratio R* calculated in Step S1 and
calculates the rotation-speed command value N* for the shift
o1l pump 122 1n accordance with the shift speed. Then, the
rotation-speed command value N* 1s output to the block 52.

In Step S3, the block 52 calculates a difference between
the rotation-speed command value N* obtained 1 Step S2
and the motor rotation speed N of the shift o1l pump 122
measured by the pump rotation speed sensor 128. Then, the
block 52 calculates the target current I for the shift o1l pump
122 based on the difference.

Furthermore, the block 53 performs the process by the
block 535, the subtractors 536 and 537, and the block 538
illustrated 1n FIG. 4 to calculate the lower limit current value
I_lim.
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In Step S4, the predicted PRI pressure Ppri_e 1s calculated
by performing the process by the block 531 and the adders
532 and 533.

In Step S5, the required PRI pressure Ppri_n 1s calculated
by performing the process by the block 535.

In Step S6, the comparison between the predicted PRI
pressure Ppri_e¢ and the required PRI pressure Ppri_n i1s
performed by the comparator 534.

When the predicted PRI pressure Ppri_e 1s smaller than
the required PRI pressure Ppri_n (S6: Yes, Ppri_e<Ppri_n),
the block 53 proceeds to the process of Step S7. On the other
hand, when the predicted PRI pressure Ppri_e 1s equal to or
more than the required PRI pressure Ppri_n (S6: No,
Ppri_e<Ppri_n), the block 53 proceeds to the process of Step
S8.

In Step S7, the current limiting step 1s executed to set the
lower limit current value I lim as the current command
value I*.

In Step S8, the target current I 1s set as the current
command value I*.

In Step S9, a pump control step 1s executed to control the
shift o1l pump 122 by using the current command value I*
set 1 Step S7 or S8 as 1illustrated 1n FIG. 3.

The blocks 51 and 52 correspond to a current command
value calculating unit, and the process from Steps S1 to S3
performed by these blocks corresponds to a current com-
mand value calculation step. Moreover, the block 33 corre-
sponds to a current limiting umt that executes the current
limiting step. Moreover, an verter etc. included in the
controller 50 correspond to a pump control unit to execute
the pump control step.

Moreover, the comparison process (S6) performed by the
comparator 534 may use an actual measured value without
using the predicted PRI pressure Ppri_e. For example, like
a modified example illustrated 1n FIG. 6, the PRI pressure
Ppr1 measured by the PRI pressure sensor 126 may be 1mnput
into the comparator 534. By doing like this, the process 1n
the controller 30 can be reduced.

Moreover, the current input into the block 531 1s not
limited to the target current I calculated by the block 52. For
example, like a modified example illustrated 1n FIG. 7, the
block 53 may be configured so that a current actually
flowing 1n the motor 123 1s detected by a current sensor etc.
and the detected value of this current 1s input into the block
531.

According to the present embodiment, the following
ellects can be obtained.

According to the present embodiment, there 1s performed
the current command value calculation step (S1 to S3) of
calculating a current command value for the shiit o1l pump
in accordance with a shiit speed.

Herein, the SEC thrust propagating from the SEC pulley
42 and the PRI thrust caused by the o1l pressure of the PRI
pulley 41 are working on the belt 43. A larger diflerential
thrust 1s required when a shiit speed 1s increased. Therefore,
because the PRI thrust 1s controlled to be much smaller than
the SEC thrust, the PRI thrust falls below the minimum
thrust that can suppress the belt slip and thus the belt slip
may occur in the PRI pulley 41.

In the present embodiment, when the PRI pressure Ppri
talls below the required PRI pressure Ppri_n that 1s the lower
limit of the PRI pressure at which no belt slip may occur (S6:
Yes), the current limiting step (S7) 1s executed. By doing so,
the current command value I* 1s limited to the lower-limit
current at which no belt slip occurs.

Because the rotation of the shift o1l pump 122 1s sup-
pressed when the pump control step (S9) of controlling the
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shift o1l pump 122 1s executed by using the current command
value I’* limited 1n this way, the take-out amount of o1l from
the PRI pulley 41 becomes small and the decrease of the o1l
pressure 1s suppressed, and thus the PRI thrust becomes
difficult to be decreased. Therefore, because the PRI thrust
does not greatly exceed the SEC thrust, the occurrence of the
belt slip can be suppressed.

According to the present embodiment, in the current
limiting step, the predicted PRI pressure Ppri_e 1s predicted
(S4) and the predicted PRI pressure Ppri_e 1s compared with
the required PRI pressure Ppri_n (56).

Herein, when the actual PRI pressure Ppri 1s compared
with the required PRI pressure Ppri_n, there 1s a possibility
that the suppression of the belt slip cannot be completed in
time due to the delay of a hydraulic control even 1if the
current limiting step (59) 1s performed. More specifically,
when a downshifting speed 1s fast and the current limitation
1s performed, the suppression of the decrease in the PRI
pressure Ppri may not be performed immediately after the
start of the current limitation due to the response delay of the
o1l pressure. For that reason, the PRI pressure Ppn {falls
below the required PRI pressure Ppri_n and the belt slip may
OCCUL.

However, in the present embodiment, because the occur-
rence of the belt slip 1s preliminarily predicted by using the
predicted PRI pressure Ppri_e, the impact of the response
delay of the o1l pressure can be made smaller and thus the
occurrence of the belt slip can be surely suppressed. More-
over, because the shift o1l pump 122 1s not wastefully driven,
it 1s possible to optimize the operation of the shift o1l pump
122.

According to the present embodiment, 1n the prediction
process (S4) of the predicted PRI pressure Ppri_e, the
process ol adding a differential pressure generated before
and after the shift o1l pump 122 to the SEC pressure Psec 1s
performed by the adder 532. As described above, because
the SEC pressure Psec 1s subjected to the hydraulic feedback
control and does not largely deviate from a target oil
pressure, it 1s only suilicient to predict the predicted differ-
ential pressure Pdifl_e. Theretfore, because the predicted PRI
pressure Ppri_e can be obtained with high precision, the
occurrence of the belt slip can be surely suppressed.

According to the present embodiment, 1n the current
limiting step, 1n the block 3531, the predicted PRI pressure
(theoretical value) Ppri_et 1s calculated by using the target
current I and the transter function F(I) obtained by modeling
the shift o1l pump 122. In the transfer function F(I), the
characteristics of the shift o1l pump 122 and the electric
motor 123 such as a motor torque constant, motor efliciency,
OP mechanical efliciency, and an OP specific discharge
amount are used as indicated by Equation (3). In this way,
because the predicted PRI pressure (theoretical value)
Ppri_et can be predicted with high precision, the occurrence
of the belt slip can be surely suppressed.

According to the present embodiment, the correction of
adding the correction value A to the predicted PRI pressure
(theoretical value) Ppri_et calculated by the adder 532 1s
performed 1n the current limiting step. This correction value
A 15 a difference between a predicted value and a measured
value when the shift process 1s not performed and 1s caused
by a disturbance. Because a disturbance factor can be
removed by performing the correction using the correction
value A, the prediction accuracy of the predicted PRI pres-
sure Ppri_e 1s improved and thus the occurrence of the belt
slip can be more surely suppressed.
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In addition, 1t goes without saying that the present inven-
tion 1s not limited to the above embodiment and various
modifications can be made within the scope of the technical
idea described in the claims.

The invention claimed 1s:

1. A method for controlling a continuously variable trans-
mission, the method controlling in/out of o1l to/from a
primary oil chamber by using an o1l pump provided 1n an o1l
passage between the primary o1l chamber and a secondary
01l chamber, the method comprising:

a current command value calculation step of calculating a
current command value for the o1l pump 1n accordance
with an operating state;

a pump control step of driving the o1l pump by using the
current command value to control a piston position of
the primary oil chamber; and

a current limiting step of limiting the current command
value to a lower-limit current at which belt slip does not
occur when an o1l pressure 1n the primary oil chamber
falls below a lower-limit o1l pressure 1n the primary o1l
chamber at which the belt slip does not occur, wherein

the current limiting step includes:

predicting a predicted o1l pressure in the primary oil
chamber when the o1l pump 1s activated with the
current command value and limiting the current com-
mand value to the lower-limit current when the pre-
dicted o1l pressure falls below the lower-limit o1l pres-
sure; and

performing a correction by using at least one of a pre-
dicted diflerential pressure obtained by a transier func-
tion or a deviation between a predicted value and a
measured value in the predicting the predicted o1l
pressure in the primary o1l chamber when the o1l pump
1s activated with the current command value.

2. The method for controlling the continuously variable
transmission according to claim 1, wheremn the current
command value calculation step includes calculating the
current command value for the o1l pump in accordance with
the operating state and a fed-back actual rotation speed of
the o1l pump.

3. The method for controlling the continuously variable
transmission according to claim 1, wherein the predicted o1l
pressure 1s corrected based on a deviation between a pre-
dicted value and a measured value of the o1l pressure 1n the
primary o1l chamber when shift 1s not performed.

4. A method for controlling a continuously variable trans-
mission, the method controlling in/out of o1l to/from a
primary oil chamber by using an o1l pump provided 1n an o1l
passage between the primary o1l chamber and a secondary
01l chamber, the method comprising:

a current command value calculation step of calculating a
current command value for the o1l pump 1n accordance
with an operating state;

a pump control step of driving the o1l pump by using the
current command value to control a piston position of
the primary oil chamber; and

a current limiting step of limiting the current command
value to a lower-limit current at which belt slip does not
occur when an o1l pressure 1n the primary oil chamber
falls below a lower-limit o1l pressure 1n the primary o1l
chamber at which the belt slip does not occur, wherein

the current limiting step includes predicting a predicted
o1l pressure 1n the primary o1l chamber when the oil
pump 1s activated with the current command value and
limiting the current command value to the lower-limait
current when the predicted o1l pressure falls below the
lower-limit o1l pressure, and
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the predicted oil pressure 1s calculated based on an o1l
pressure 1n the secondary o1l chamber and a between-
before-and-after diflerential pressure generated before
and after the o1l pump 1n which a current of the current
command value flows.

5. The method for controlling the continuously variable
transmission according to claim 4, wherein the between-
before-and-after differential pressure 1s calculated based on
the current command value and a characteristic of the o1l
pump.

6. A control device for a continuously variable transmis-
s10n comprising:

a primary oil chamber;

a secondary o1l chamber;

an o1l pump provided in an oil passage between the
primary o1l chamber and the secondary o1l chamber;
and

a controller configured to control the o1l pump to control
in/out of o1l to/from the primary oil chamber,

the controller comprising:

a current command value calculating unit configured to
calculate a current command value for the oil pump
in accordance with an operating state;

a pump control unit configured to drive the oil pump by
using the current command value to control a piston
position of the primary o1l chamber; and

a current limiting unit configured to limit the current
command value to a lower-limit current at which belt
slip does not occur when an o1l pressure 1n the
primary o1l chamber falls below a lower-limit o1l
pressure 1n the primary o1l chamber at which the belt
slip does not occur, wherein

the current limiting unit:
predicts a predicted oil pressure in the primary oil

chamber when the oil pump 1s activated with the
current command value and limits the current com-
mand value to the lower-limit current when the
predicted o1l pressure falls below the lower-limit o1l
pressure; and

performs a correction using at least one of a predicted
differential pressure obtained by a transier function
or a deviation between a predicted value and a
measured value on the prediction of the predicted o1l
pressure in the primary oil chamber when the o1l
pump 1s activated with the current command value.

7. A control device for a continuously variable transmis-
$1001 comprising:

a primary o1l chamber;

a secondary o1l chamber;

an o1l pump provided in an oil passage between the
primary oil chamber and the secondary o1l chamber;
and

a controller configured to control the o1l pump to control
in/out of o1l to/from the primary o1l chamber,

the controller comprising:

a current command value calculating unit configured to
calculate a current command value for the o1l pump
in accordance with an operating state;

a pump control unit configured to drive the oil pump by
using the current command value to control a piston
position of the primary o1l chamber; and

a current limiting unit configured to limit the current
command value to a lower-limit current at which belt
slip does not occur when an o1l pressure in the
primary o1l chamber falls below a lower-limit o1l
pressure 1n the primary o1l chamber at which the belt
slip does not occur, wherein
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the current limiting unat:

predicts a predicted o1l pressure in the primary oil
chamber when the o1l pump 1s activated with the
current command value based on an o1l pressure in
the secondary oil chamber and a between-before- 5
and-after diflerential pressure generated before and
aiter the o1l pump in which a current of the current
command value flows; and

limits the current command value to the lower-limait
current when the predicted o1l pressure falls below 10
the lower-limit o1l pressure.

¥ ¥ # ¥ o

16



	Front Page
	Drawings
	Specification
	Claims

